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FOREWORD 


Tlus final report documents the results of a study performed under NASA Con- 
trac NAS 9-15779. Ihe study was eondueted under the teehnieal direction of the 
ontractmg Offer's Representative (COR), Herbert G. Patterson, Systeets Design, 
^ en ‘ er ' " r- Lcster K - Fero - NASA Headquarters, Offlee of Space 
r.ZT AdVan ° ed C ° n0ePte ' "" - «*— * re P re sentative of 


The Grumman Aerospace Corporation's study manager was 
e major contributors and principal investigators were Ron E. 
Sherman and Henry W. Morfin. 


Charles J. Goodwin. 
Boyland , Stanley W. 


This final report consists of the following volumes: 

• Executive Summary - Volume 1 

• Mission Handbook - Volume 2 

• Program Requirements Document - Volume 3 

• Supporting Analysis - Volume 4 

• Turnaround Analysis - Volume 5 

• Five Year Program Plan - Volume 6 


1 - INTRODUCTION 


This document is issued in support of the Mission Handbook and Program Require- 
ments documents. Its intent is to give background analysis and data that will impart 
some insight into the work performed to arrive at conclusions defined in those 

documents. The data are organized in subject, rather than task or chronological 
order. 

Work performed up to the midterm review of phase 2 is discussed here . The 
last quarter is reported in the final presentation. 
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2 - GENERIC MISSIONS 


A listing of 100 potential MOTV user programs was identified and categorized as 
follows: 


• 35% Public service 

• 27% Defense 


• 21% earth observations and astronomy 

• 12% Energy. 


From this list of potential programs , a range of 20 generic missions was difined to a 
level that will enable a potential user to find a mission close to the one he has in mind , 
ard thus determine suci parameters as MOTV capabilities, number of STS flights to 
support its mission , mission-peculiar equipment requirements , parametrics on mission 
phasing and AV requirements, ground and flight support requirements, recovery con- 
siderations, and IVA/EVA trade analysis. This information is reported fully in the 
Mission Handbook, which is issued with this report. 


This work took place mainly in phase 1 and , in summary , we learned the following : 

• Potential MOTV Users Accommodated by 5 mission classes 

comprising 20 generic missions 


• For These 20 Missions: 
Crew Size 
Duration 

Main Propulsion Avg 
RCS Avg 
Payload Out 
Payload Back 

Gen Purpose Mission Equip. 


2 to 3 

4 to 30 days 
6785 to 8925 m/sec 
63 to 290 m/sec 
2900 to 37,000 kg 
2900 to 16,000 kg 
Manipulators 
Stabilizer 


(22,255.to 29,276 fps) 
(205 to 685 fps) 

(6400 to 82,000 lb) 
(6400 to 35,000 lb) 


EVA suits 

EVA tools & C/O equip 
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• For MQTV Study Purpose 7 of the 20 generic mission cover the 

range of size /duration /orbit /function 

In phase 2 , the data were updated , as necessary , to reflect revised weights and con- 
tingencies. 

Also in phase 2 of the study, two contractors were appointed to study the OTV 
propulsion system. Grumman defined a Design Reference Mission (DRM) for them to 
work to. This mission is SI generic mission, which services four communications 
satellites, 90° apart in GEO. They use the MMS subsystems support modules which 
are replaced on a routine basis. 

The Mission Handbook contains a full description of this mission and illustrates 
the performance and functions of the MOTV . Some supporting information is con- 
tained in Section 6 of this report . 
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3 " MISSION modes 


3.1 STUDY MATRIX 

modo^rrro^o^^MTnter^ T S,U “ y ' “ ropresej, “ tiTC “isrton mode or 

payioud tements . u“ir: “r - “ nd cost da,a - - - 

Bare bones Modest performance for minimum cost 

. Full -capability Perfomranoe to satisfy all or most of t,., genenc 

missions 

b volutionary From "bare-bones" to fun capability. 

The study options for these concepts were: 

• Launch 

- Single launch/mission or multi-launch /mission 

Standard STS (28,300 Kg), augmented STS (40 000 KsO 
“ Cargo bay size unchanged g) ’ ° P in " betWeen 

• Return Options 

- All-Propulsive Orbit Transfer Vehicle (APOTV) 

- Air-Maneuver Orbit Transfer Vehicle (AMOTV) 

- Air-Maneuver Return Vehicle (AMRV) 

• Stages 

1» 1& or 2 (slingshot) 

• Main Engines Options 

- M. modification RL .0,444 sec I 15,000 lb thrust 

dvanced space engine, 473 see I rubberised thrust 
3.2 SINGLE STS LAUNCH PER MISSION 

particular DDTaE) , ^ 

deployed and 3,400 Kg returned, maidmum of three 
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manned capsine ^ -«pts considered were LM and MEWS derivatives, growth Gemini, 
Spacelab modules, and a dedicated capsule. 

For an MOTV launched to LEO in a single Shuttle flight, the matrix shown in 
Fig. 3-1 gives the mission modes considered for candidate CTV recovery systems with 
propulsion stage options. Propulsion stages are categorized as single-stage, 1J stages, 
and 2 stages. There are two systems alternates for recovery from LEO: an all pro- 
pulsive (APOTV) vehicle; and an aero maneuvering (AMOTV) vehicle. A third system 

(AMRV) expends the propulsion stages and recovers only the crew capsule for a 
"land" Landing. 

The APOTV uses propulsion for all orbit transfer and phasing operations. The 
single-stage vehicle is launched and recovered from LEO by the STS. With the 1$ 
stage, Fig. 3-1 shows drop tanks retained until GEO, where they are parked for sub- 
sequent disposal. Alternatively, each may be deorbited and burned-up in the atmo- 
sphere and this became the baseline later in the study. AMTOV uses propulsion for 
all orbit transfer and phasing, except the final circularization at LEO. For this ma- 
neuver, the vehicle is designed for aerobraking and circularization by "skipping" in 

the atmosphere. With this exception, the mission modes for the AMOTV follow those 
of the APOTV. 

The AMRV mission modes are similar to the AMOTV, except that here the crew 
capsule deorbits directly to earth from GEO and expends the propulsion stages to ei- 
ther remain in GEO or to deorbit for burn up in the atmosphere. In the single stage, 
propulsion separates from the crew module after deorbit firing and enters on its own. 
The 1* stage is similar except for disposition of the drop tanks. A two-stage vehicle 
gives reasonable performance with the AMRV since the ascent stage can be separated 
after GEO circularization, and left in orbit. The deorbit propulsion is relatively small 
and separates, after burn, to enter the atmosphere on its own. 

Five mission mode concepts, APOTV one and 1J stages, AMRV one and U stages, 
and AMRV single-stage, wore candidates for development to determine feasibility, 
costs, and performance. 

Referring to Fig. 3-2, variation of DDT&E costs with MOTV performance is given 
for each of the five concepts. Performance is given in terms of roundtrip payload to 
GEO, allowing for any TPS and recovery system penalties. A performance envelope is 
given for each concept. The envelope is shaped by the capabilities of two alternative 
engines, the RL10 (I gp of 444 sec) and a new space engine (I of 473 sec), and by 
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the useful payload restrictions of the standard shuttle (28,300 Kg) and an augmented 
shuttle (40,000 Kg). With the APOTV and AMOTV, there is noticeable increase in per- 
formance in going from single-stage to l£-stage, but little increase in DDT&E costs. 
Figure 3-2 also examines the impact of adding costs for 10 and 20 "bare- bones" missions. 
The payload, established as 2400 Kg roundtrip with an additional 1500 Kg deployed, is 
converted to an equivalent roundtrip payload of 3000 Kg for the APOTV and 3400 Kg 
for the AMOTV and AMRV. 

Considering the APOTV , the single-stage does not have much in hand in meeting 
the required performance, whereas the 1$ stage meets it with the lower-performing en- 
gine but requires a launch to LEO capability approaching that of the augmented shuttle. 
As missions costs are added, the costs gap between the two modes gradually narrows 
as the number of missions increases. The AMOTV single-stage uses the lower-perform- 
ing engine but requires an augmented shuttle for launch. Its increase in costs, wit*- 
missions, approximates that of the APOTV’s. The AMRV has lowest DDT&E costs but 
soon overtakes the others when missions costs are added. The most cost effective mode 
is the AMOTV 1* stage, which can more than meet the 3400-Kg payload requirement, 
yet uses the lower-performing engine and the standard Shuttle for launch to LEO. 

DDT&E costs are a little higher than for the AMRV, but delta increase in costs with 
missions are much lower than for any of the other four mission nodes. 

Results from the single STS launch per mission are summarized in Fig. 3-3. The 
recommendations were that, if evolution is a driver, the single-stage APOTV should 
be pursued; but if evolution is not a driver, then the 1J stage should be continued. 

3.3 MULTIPLE STS LAUNCHES PER MISSION 

Turning to multiple STS launches to transfer an MOTV to LEO, Fig. 3-4 gives the 
mission mode matrix for candidate OTV recovery systems with propulsion stage options. 

It follows the single STS launch rationale with the following exceptions. With APOTV, 
a two-stage is viable , and here the mode deorbits the first stage after burn-out , for 
recovery from LEO by a Shuttle. The second stage provides propulsion for the rest 
of the mission, after which it is also recovered by the Shuttle. The two-stage AMOTV 
follows this pattern. With the AMRV, the two-stage recovers the first stage by de- 
orbiting it to LEO for recovery by a Shuttle. From then on the two-stage mission mode 
follows the single-stage. 

Concepts for eight of the nine options were developed to determine feasibility, 
performance, and costs. The option omitted was the single-stage AMOTV which had a 
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COMPETITIVE COST 


20% MARGIN (MIN) 


© ($M) 


CARGO DENSITY IN STS (ktfm 3 ) 
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LOW OEV RISK 


QTV CORE SUITABLE FOR 
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AOV SPACE ENG 


AUGMENTED STS 


1776*1 02 W 



RECOMMENDED RECOMMENDED 
WITH EVOLUTION NO EVOLUTION 
TO MULTILAUNCH 


Fig. 3*3 Single Launch/Mission Results 



Fig. 3-4 Multiple Launches - Candidate "Bare Bones" Mission Modes 
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large monolithic OTV, propellant-loaded in orbit by fuel transfer from a tanker. It 
was severely volume-limited by the Orbitar cargo bay; in fact, it could not fully ab- 
sorb the weight provided by two STS launches and, as such, would only just qualify 
as a Multi-Launch concept. 

Figure 3-5 gives costs per mission as a function of roundtrip payload for three 

APOTV candidates. Each concept is illustrated; its DDT&E in 1979 constant $ is noted, 

and the number of launches per mission is indicated. The hatched line at the 3000 Kg 

roundtrip payload level shows the minimum required "bare-bones" performance. Engines 

are low cost (444 sec I > , and the lauchers are standard Shuttles. The li stage con- 

sp 

cept has a significantly higher performance than the others. The two stage common 
concept, slingshot mode, is volume-limited to not more than four launches. When less 
than three launches are attempted, it deteriorates to a single-stage mode with low per- 
formance. For reference, the single launch per mission APOTV one stage candidates 
are shown in a small group at about $35M per mission. 

AMOTV li and two, two stage concepts have performance and cost comparisons 
illustrated in Fig. 3-6. Again the li stage concept has the highest performance. Of 
the two, two stage candidates, one has a lower stage with clustered tanks that flies 
in an All Propulsive (AP) mode; the upper stage alone employs Air Maneuvering (AM) 
on return. This configuration depends on tank clustering for LEO build-up. The 
other two stage has two common stages ; both use the AM mode and depend on fluid 
transfer in orbit to fill their tanks. As a multi-launch concept it is Inflexible, being vol- 
ume-limited to only three launches per mission. Both the two stage concepts have higher 
operational costs than the li stage because of the need to recover two propulsion units. 

Figure 3-7 shows costs vs performance for three AMRV candidates. Once more, 
the li stage has the highest performance, but this time by only a small margin. The 
one stage "clustered” (at launch identical to the li stage) follows as a close second. 
Loaded by fluid transfer in LEO , the two stage common arrangement is volume -limited 
with five launches and decays to a single-stage if the two launch level is assayed. The 
lower partner of this two stage stack is unique in that it returns to LEO and is re- 
covered, whereas all other AMRV propulsion units are expended and burn- up on entry. 

In view of the across-the-board superior performance provided by the li stage 
mission mode , it is desirable to minimize the one disadvantage of that concept , namely , 
drop tanks left in space. Considering a cluster tank APOTV, Fig. 3-8 shows two bounds 
to the problem: the highest performance "classic" li stage, which drops off the tanks 
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,hoy ar0 emptyi 8nd the single-stage which brings all the tanks back to 
wo intermediate approaches are shown, both remarkably close to the "classic" 

* stage In performance. In one, the tanks arc retained on the core vehicle until gee • 
synchronous orbit is reached. They are then parked there as a group in a known, 
relatively innocuous graveyard. In the other approach, each tank is provided with a 
sma eorbit motor which is fired after separation to ensure re-entry and bum-up in 

the earth's atmosphere. This is the concept for which 1J stage performance is given 
in other multi-launch charts. 

As most of the generic missions to geosynchronous orbit have a return payload 
nearly equal to the deployed payload. Pig. 3-9 shows the performance levels required, 
f ’ CFeW r0tBtt0n TOth 30 men ' 15 811 indication of the appropriate boundary 

:T:rri“rv when -*■> - - «« - 

... ’ ’ 811(3 AMRV ii Stage concepts are compared on the basis 

of their performance in this mode vs the costs per mission. The AMOTV and AMRV 

are superior but, by their very nature, they are not weU suited to the return of bulky 
or wide-spreading cargoes. y 

„„„ " teiW ' Ph “ e U ° Ur flnding8 on ,he mission modes for multiple STS launches 
per MO TV missions were: 


• With minimum cost engines and standard STS 

- multi-launch per mission provides high performance at high cost per 
mission (CPM) 

DDT&E is about $100M less than single-launch candidates ($764M to $894M) 

- li stage configurations, with tanks deorbited. outperform their one stage 
and two stage ("slingshot") rivals by between 124 and 72% 

- for roundtrip payloads, AMOTV and AMRV outperform APOTV, but the re- 
turn of bulky /extended payloads is a problem 

- for "mainly deploy" payloads, AMOTV has a performance advantage of about 
17% 

- LEO turnaround, working out of the Shuttle, is not cost-beneficial. 

• With advanced space engines and augmented STS 

- compared with the minimum cost engine and standard STS approach: 
o higher payloads , 85% 

o higher CPM, 20% 

- direct DDT&E delta, $370M 

- evolutionary DDT&E delta, 460M. 
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Fig. 3*9 Comparative Performance — "Roundtrip" Minion* 
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• Recommendations 

- consider a "bare-bones" candidate APOTV 1 * stage: 
o standard STS 

o RL 10 (2) 
o DOT&E $767M 

- evaluate evolution to: 

0 “ SPi0e 6ngine '— > Kg roundtrip Pl . $99M 

AMOTV (kit concept), 10,600 Kg roundtrip PL^$83M CPM, or 
both, 20,000 Kg roundtrip PL ~ $100M CPM 

r .zrcr ■ — — » — - - 

Highest Performance 

Highest performance far "roundtrip" payloads, 
but return of bulky payloads is questionable 

Edna, performance for "heavy up - iigh, b ,ck» 
payloads 

Modest performance using augmented STS a 
high performance engines - low margins 

Ample performance - higher cost per mission 


w r 

(tanks deorbited). 

AMOTV and AMRV 

APOTV, AMOTV, and AMRV 

Single Launch /Mission 


Not cost beneficial 

May be worthwhile with eventual heavy traffic. 


• Multi-Launch /Mission 

• LEO Turnaround 
(using STS only) 

• bEO Turnaround 
(using manned depot) 

3. 4 APOTV vs AMRV 

At the start of the second quarter of n haHe i if 

AMOTV should be considered an evolutional ^ With NASA 

This was mainly because of the necessarv d 7"^* *** ** StUdied as a se P« r ate issue. 

atmosphere conditions, which are both het IT ° Pment ^ sensln ff of upper 

* ^ was decided, again whh ~ ^ Ch ^ Also 

gain with NASA concurrence, to drop the single STS 
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launch per mission mode since it could not perform any of the generic missions , even 
with augmented STS and high performance engines. The second quarter, therefore, • 
was devoted to studying APOTV and AMRV using multiple STS launches per mission. 

Figure 3-10 illustrates the various normal and emergency modes of operation of 
each type of vehicle. Under normal operating conditions, the APOTV core stage and 
crew capsule returns to a waiting Shuttle in LEO and then to earth . Alternately , 
the AMRV capsule returns directly to earth while the core stage is returned by the 
Shuttle. Under emergency conditions where immediate return is imperative, the 
APOTV returns to LEO and is retrieved by a backup STS launched especially for this 
emergency. In the case of the AMRV, immediate return of the capsule to a predesig- 
nated landing rate on earth is accomplished, but recovery of the core is not recom- 
mended, as will be discussed later. 

These various modes of operation for the two vehicle^, APOTV and AMRV, were 
evaluated based on their effect on crew and crew capsule safety consideration, overall 
MOTV performance and complexity of its operation under normal and emergency modes, 
and finally costs associated with each operating mode. 

To determine costs and stack weights , layouts were made of capsules for a two 
man, three day mission, and a two man, 20 day mission, for both APOTV and AMRV. 
Figure 3-11 shows the weights breakdown for these capsules after they have been 
normalized to two crew, five days; it also indicates their shapes. Packaging of the 
AMRV capsules showed that, due to their shapes and clean lines necessary for entry, 
the flight deck and work stations were restrictive. 

Comparing performance for APOTV and AMRV mission modes when carrying out 
the SI mission, the data is shown in Figs. 3-12 and 3-13. These data were current at 
the time and, although APOTV has since been updated, they suffice for comparison. 
APOTV total A V for the mission is 30,446 fps, including 2% flight performance reserves, 
whereas AMRV is 33,662 fps. AMRV stack weight is approximately 6% higher than 
APOTV. 

Considering emergency return procedures for the two modes. Fig. 3-10 illustrates 
that APOTV deorbits to LEO to rendezvous with a loitering STS , whereas AMRV de- 
orbits directly to earth. Figure 3-14 illustrates the procedures associated with these 
modes for two emergencies situations : retreat from a solar event ; and return with ail- 
ing crew and subsystems. 
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Fig. 3-10 APOTV vs AMRV — Modes & Issues 
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Fig. 3-11 Typical Crew Capsule Weights (Kg) (Missions 
Normalized to 2 Crew xS Days Duration) 
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Fig. 3-12 APOTV Performance — Mission SI 
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Orbits and penalties for operating the APOTV and AMRV are illustrated in 
Fig. 3-15. One APOTV and two AMRV mission modes ore shown at the top; full lines 
show normal operations, dotted lines indicate emergency, and small circles symbolize 
the main impulse points. In both AMRV modes, the crew capsule returns to earth 
Apollo-style. In the center column the propulsion core is recovered by rendezvous 
with the loiter STS , in the right-hand column the core is expended , burning-up on 
re-entry. 

For normal re-entry, the APOTV uses a conventional Hohmann transfer, the 
"classic" AMRV uses two burns, deorbit and inclination (with a moderately high 
perigee) , and midcourse slowing to lower the perigee. The full recovery AMRV uses 
these same burns for the joint capsule /core body, then introduces two more impulses 
to adjust the core for the STS rendezvous. Under emergency conditions the APOTV 
follows its normal pattern. The AMRV's have orbits similar to the joint orbits previ- 
ously described, but with AV's changed and total raised to 11,450 fps. There is a 
performance and cost impact arising from these AV requirements , together with the 
appropriate capsule and core weights. Further costs accrue from the operational 
penalties noted in the lowest tier of the figure; the loiter Shuttle for two concepts, 
the stand-by Shuttle for the APOTV, the stand-by launch sites for the AMRV's, and 
the OTV expenditure cost. These items are allowed for in the comparative costs 
analysis which follows. AMRV crostsrange and downrange A V requirements for emer- 
gency return are discussed in the next section of this report (Section 4) . 

Comparing costs for APOTV and AMRV, Fig. 3-16 shows the total cost of develop- 
ment and production for AMRV and APOTV concepts in flying various generic missions. 
The AMRV costs were, on the average, 15% higher for all cases. Figure 3-17 compares 
the cost per mission. AMRV costs were, on the average, 10% higher for all cases. 

3.5 CONCLUSIONS 

To summarize the APOTV vs AMRV trade, the APOTV has a crew capsule with 
more room in the flight and work stations; it has approximately 6% lower stack weight, 
less complex return with lower g levels at entry, 13% less development cost, and 9% 
lower cost per mission. The AMRV gains only on time to return to ground for emer- 
gency return; seven hours compared to perhaps 24 hours for APOTV. 

The whole mission modes analyses result in the following conclusions ; 

• Single Launch Per Mission; Can handle smaller missions with modest 

performance margins 
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• Multiple Launch Per Mission : Can handle all identified generic missions 

- with standard shuttle 

- with modular propulsion 
vehicle with two RL10 
type engines 

• 1* Stage Concepts : Have better performance and cost than 

- at modest traffic rates single or two stages 

- using ground turnaround 
with multi-launch /mission 


• 1} Stage Drop Tanks 


Can be deorbited (no space debris) for 
little or no penalty 


» APOTV vs AMRV : APOTV is superior to AMRV on most counts. 

We recommended tnst in phase 2 of the study we concentrate on APOTV 1} stave 

deorbited drop tanks, and multiple STS launches per mission to handle all idcntiiiod ’ 
generic missions. 
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4 - MOTV SAFETY 


4.1 REQUIREMENTS 

Crew module safety requirements ere defined in Hg. 4-1. A good, dependeble 
warmng system is necessary to provide timely warning and sufficient data so that prop- 
er decisions oan be mad. relative to medio*, system, or solar flare emergencies. Sev- 
er* contingency action options are available and are shown in Hg. 4-2. A rescue ve- 
ce eboat) oan be stationed at LEO and accessed from GEO in an emergency. Al- 
ernatively the lifeboat oan be stationed * GEO so that return would be made directly 
to earth. A permanent refuge, located * GEO, would act as an independent shelter in 

T7„ “ IUre .* mediC>1 Pr °“ em8! “ — 4 — «— • Protection against solar 
storms. Another possibility is to provide a short-term solar flare shelter which would 
not have an independent life support system. 

As indicated, none of the individu* options provide for all emergencies (solar 

7™ S ' “ ° r “ • “ W0Ula * — *• combine some of the features to 
provide addition* safeguards for *1 contingencies; for example, to provide an inde- 
pen ent lifeboat habitat plus a storm shelter. In every contingency, the warning time 
mid emergency-related information av*Iable is very important and will in the fin* an*- 
ysm dictate whether the mis*on will be aborted or other contingency action taken. 

4.2 MOTV EMERGENCY RETURN 

Consider the emergency lifeboat return, directly to earth. If the MOTV is near a 
Planned return point, it win return directly to KSC. If not located near a planned re- 
turn point, the vehicle wUl return to an appropriate emergency site. This probably 
requires crossrange and downran^e capacity. Hgure 4-3 plots AVs required ag*nst 
and downrange. Starting from a deorbi, station in equitori* geosynchronous 
orbit, a direct entry vehicle can return to an equitori* landing site about 100” due 
East with the minimum feasible AV of 1434 m/sec (4866 fps). 

If, from the same nominal deorbit start point, it is required to reach a landing 

site further East or West (or to the North or South), more AV win be needed. Hgure 

4-3 shows the results of a preliminary return orbit search, *med at minimizing the 
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Fig. 4-1 MOTV Safety Requirements 
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Fig. 4*2 MOTV Contingency Optiont 
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extra impulse required to achieve combinations of crossrange and up/downrange. Later 
refinements , used in the AMRV performance and costs calculations , reduced the levels 
shown; i.e. , the minimum AV to reach a latitude of 28.5° North is now thought to be 
8980 fps rather than the 10,600 fps shown. 

As discussed in Section 3, the baseline philosophy for emergency return of the 
APOTV is to return to LEO in the vehicle and rendezvous with a loitering Shuttle. 

4.3 MEASURES AGAINST RADIATION 

For this study we used the crew radiation dosage limits permitted for the Shuttle 
crew rather than OSH A levels, which are over two-orders-of-magnitude more stringent. 
Figure 4-4 summarizes the current shuttle crew limits. Staying within the permitted 30 
day dose level shown, the average rems that a crew member will experience each day in 
geosynchronous orbit is plotted in Fig. 4-5 as a function of cabin and EVA suit thick- 
ness (these thicknesses are of aluminum or its equivalent) . The outside environment is 
taken to be the "normal'.' for that orbit, i.e. , mostly electrons with no heavy solar 
proton flux present. The cabin /suit internal environment consists of electrons and 
bremsstrahlung. 

As a starting point , Option A shows a cabin and suit of the same thickness , 6 mm 
of aluminum. Option B shows the effects of thickening the cabin to 8 mm, thereby per- 
mitting a thinner suit. By inspection, it is not effective to continue this process fur- 
ther by continuing to increase the aluminum cabin wall thickness , but by adding a thin 
inner layer of tantalum (Option C), the in-cabin radiation level is driven lower and the 
suit can be thinner to about the equivalent of 4 mm aluminum. 

These options are based on each crew member performing one six-hour EVA per 
day, clearly a severe assumption. If, for the cabin wall of Option C, only one EVA 
per mission is performed by each crew member, the suit used can be reduced to li mm 
equivalent aluminum shielding power. In practice, we expect the eventual suit thick- 
ness to lie somewhere towards the lower limit of the li to 4 mm range. 

Typically, protection against the electron flux, encountered under normal condii- 
tions in GEO, requires a cabin wall of 1.5 cm thickness of aluminum or its equivalent. 

We propose a layered protection. Outer epoxy tiles are the first barrier to inhibit photon 
production. The pressure shell is aluminum and, finally, an inner shield of tantalum 
which is efficient at blocking bremsstrahlung. 
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Fig. 4-6 Solar Event Duration vs Event Size (Data From Cycle 20) 



Fig. 4-7 Radiation ** Solar Event Frequency Si Protection 
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If, as previously discussed, the available cabin wall is about 4 g/cm 2 , there will 
be little more than seven hours to get below an altitude of three earth radii , into the 
ssone protected by the earth's magnetosphere. To reach this point in a Hohmann trans- 
fer takes about 4. 4 hours , leaving just over two hours for the retreat decision to be 
mode, the navigation plans updated, and the deorbit preparations completed. 

For less massive events the available time will be greater and 4 g/cm 2 provides 
adequate protection for an ordinary solar flare (i.e. , no more than 1 x 10 8 pro- 
tons/cm 2 ). 

In summary, our philosophy is that once the alert of a solar event has been 
sounded, it is necessary to know the level of flux anticipated and its duration. It 
would then be determined whether the cabin protection is sufficient to weather the 
storm or whether it is necessary to deorbit. To this end, we expect a flux forecast- 
ing system to be developed before this MOT V becomes operational. 

There are two classes of missions where this philosophy cannot apply. Firstly, a 
deep space crew rotation mission of about 14 days duration each way, where the vehi- 
cle would be too far out to retreat to a safe orbit • Secondly , there are those missions 
with highly elliptic, 12-hour orbits which entail passing through the Van Allen belt 
four times a day. The deep space mission will, and the 12-hour orbit may, require a 
heavier cabin wall or a storm shelter. 

Solar storm shelters for geospace operations can be fairly massive structures. 

As indicated in Fig. 4-9, an aluminum structure for four crewmen, providing 1.4 
m /occupant, would weigh approximately 9000 kg. 


4-9 




4-10 




5 - IVA vs EVA TO PERFORM MISSIONS 


5.1 OPTIONS 

The three basic options for performing any mission requiring work external to 
the crew capsules are, firstly, by all IVA (where the crew remains in the capsule and 
uses manipulator devices controlled from witliin the capsule). Secondly, the work is 
performed mainly by IVA, with EVA used to perform only those tasks which are much 
more cost effective if done that way. The third option is using EVA to perform all the 
tasks. 

5.2 TRADE 

Figure 5-1 shows how weight penalties increase with manhours worked to perform 
a typical three-man construction mission. The first option, "IVA only," includes the 
penalties for basic equipment together with requirements for one emergency EVA, as- 
suming atmosphere dump and repressurization of the cabin. The second option assumes 
that 90% of the mission is performed IVA, leaving 10% EVA. No airlock was considered 
for the EVA , which means that the cabin atmosphere can be either dumped and re- 
pressurized or pumped down and stored. Both of these methods are considered and 
include the basic and emergency equipments together with the expendables used on 
each work shift. The third alternative considers EVA as the only method of perform- 
ing the mission. For this method, we considered not only the penalties for depressur- 
izing the cabin by dump and by pump down but , as an alternate , we included an air- 
lock with atmosphere dump or pump down. 

"IVA only" carries the lowest penalty, which is constant irrespective of manhours. 
This is closely followed by combined IVA /EVA where the penalty for expendables rises 
very little with manhours worked. It is about the same for cabin atmosphere dump as 
it is for pump down. The airlock carried a high penalty with "EVA only" and, there- 
fore, was not considered for IVA /EVA. With "EVA only," the cabin pump down sys- 
tem expendables penalty does not increase much with manhours and is littlv? more than 
IVA or IVA /EVA. The trade was repeated for a two-man inspection /repair mission 
with similar results. 
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Fig. 5-1 Preliminary Weight Penalty vs Man-Hours for 3-Man Construction Minion 
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Since the beet candidates in all three options use very few expendables with 
hours worked, this is not a discriminator and productivity must be considered to 
resolve the trade. 

Two types of tasks were considered in the productivity analysis. A service task 
involving replacement of MM S -type modules on a satellite in GEO, and a construction/ 
repair task. In each case, event times to complete the tasks were compared when per- 
forming them via EVA and IVA. EVA operations assume the need for an Open Cherry 
Picker (OCP) to provide a stable work platform for MMS module replacement. The EVA 
event times were derived from NASA water tank tests, Skylab data, and MRWS study 
data. The IVA times are based on Princeton "Tokamak" and Los Alamos experience 
using the Bilateral Force Reflection (BFR) type manipulator. 

The approximate relative efficiencies among several IVA control modes and per- 
forming the same tasks EVA, are compared in Fig. 5-2. Among the IVA options. BFR 
manipulator system is the most efficient. Nonforce Reflecting (NFR) relies only on 
visual cues for operator feedback. The Resolved Motion Rato Control (RMRC) uses a 
six-DOF hand controller to establish the direction of motion and tip speed of a slave 

arm. 

All known test results indicate an advantage in task efficiency when using the 
BFR manipulator system. Performing similar tasks EVA in an Apollo Suit is slightly 
more efficient, but this suit does not have the radiation protection necessary for GEO 
EVA operations. It is estimated that this time advantage would largely disappear for 
a GEO EVA suit. Since the Apollo Suit seems to represent the most efficient EVA sys- 
tem to date, and the BFR the most efficient IVA system, they were selected for per- 
forming subsequent trades. 

Figure 5-3 shows the results of IVA vs EVA productivity trades. A typical ser- 
vice mission is shown in the left hand bar chart. Notice that the time to don the EVA 
suit, prepare the cabin for depressurization, egress, unstow and checkout the OCP, 
and reverse the process (i.e. , nonproductive time) is greater than the time it takes 
to perform the task IVA. Moreover, even during "productive time," the task takes 
33% longer EVA and IVA because of the additional time in maneuvering the OCP to and 
from the MMS module stowage area. The actual task time in module removal and re- 
placement is about equal for both modes of operation. The service task can be ac- 
complished well within one work shift, so the overall saving in mission time is not par- 
ticularly significant. In the case of a construction /repair tusk, as shown in the right 
hand bar chart, the task is on-going through many shifts. Here the efficiency of 



Fig. 5-2 Time* to Perform Typical Space Tula 



Fig. 5-3 IVA/EVA Productivity Comparison for 2 Types of Tasks 
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6 - CONCEPT DEFINITION 


6.1 MOTV 

During the first quarter of phase 1 of the study, we looked at concepts to cover 
the mission modes discussed in that section of this report. Manned capsules for these 
concepts included LM and MRWS derivatives, growth Gemini, Spacelab modules, and a 
dedicated capsule . These concepts were reported fully at that time in our mid-term , 
phase 1 report . They are not repeated here since , although of historical interest , 
the recommendation following that report was that we should concentrate on APOTV 
with multiple STS launches per mission. Consequently, in the second quarter of phase 
1 we looked at APOTV concepts and performance requirements for each of the generic 
missions. This information has been updated in phase 2 and is given in the Mission 
Handbook. The overall configuration for each mission did not change, except in de- 
tail, and is typified by Fig. 6-1 which is the SI mission. The propulsion core is 
common for all missions and has a propellant capacity of 17,500 Kg, which is off loaded 
as required for a particular mission. Propellant is contained in an aft liquid oxygen 
tank and in a forward liquid hydrogen tank. Thrust is provided by two RL10 CAT 
IIB engines. The vehicle is controlled by RCS thrusters mounted in four modules 
located about the c.g. to provide translation along all three orthogonal axes, together 
with pitch, yaw, and roll. The electrical power source for the whole vehicle is 
mounted on the core . It has fuel cells , with their reactants , located between the 
propellant tanks together with the propulsion subsystems. Radiators to thermally 
control the fuel cells are mounted on the inter tank skirt . This mission uses solar 
cells to recharge the fuel cells during non-peak-load periods. The solar cell array is 
mounted on the propulsion core thrust structure. Other missions with less demanding 
electrical power do not have a solar array . 

The crew is housed in a capsule which is mounted forward of the core. Consid- 
ering mission equipment , a grappler to berth the MOTV to the satellite is mounted at 
the forward end of the capsule . This 4 degrees of freedom grappler also moves the 
MOTV relative to the satellite to enhance operator viewing and to locate a pair of 
manipulators for handling mission hardware. These manipulators have 7 degrees of 
freedom and are a bilateral force reflecting type, presently being investigated in our 
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Fig. 6-1 Configuration for Mission SI at LEO Ignition 
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Fig. 6-2 APOTV Craw Capsule (Fhiu 1|-2 Men for Minion SI 




MRWS studies. The manipulators are operated from within the crew capsule by a 
master /slave system. The SI mission shown requires three drop tanks; other missions 
require from one to four tanks. 

The crew capsule, derived in phase 1, is shown in Fig. 6-2 as typical for that 
stage of the study. The capsule is divided into two basic compartment areas; the 
upper half contains those functions associated with mission performance while the 
lower half provides living accommodations. Removal of the upper hatch (with obser- 
vation dome) provides a clear 1 m diameter opening for access into the module. The 
forward flight station contains controls and instrumentation necessary to maneuver the 
MOTV. The aft station contains a set of master control arms which operates the slave 
manipulator arms and the grappler. The lower part of this compartment houses the 
electronics and ECS hardware . A hole in the inter-compartment deck provides passage 
to the lower area of the module which contains crew quarters for two people , waste 
management and personal hygiene, galley /refrigerator /food stowage, dining area, and 
EMU donning /charging station. Capsule dry weight was 3192 Kg, including 10% con- 
tingency. At burn-out, the capsule weighed 3880 Kg. 

The drop tank is typical for all missions and it is still currently viable . Figure 
6-3 shows the tank in the Shuttle cargo bay and gives some characteristics. Propel- 
lant loading of each tank is mission dependent but the tank must be located within the 
Shuttle cargo bay so that its c.g. is within the allowable envelope. In general, tanks 
loaded to less than maximum capacity will be positioned as far aft as possible to leave 
volume for the carrying of another payload. The combined c.g. of the total orbiter 
payloads must remain within the allowable envelope. Since the tank is about the maxi- 
mum diameter to fit in the bay , local fittings will be provided to mount it directly to 
the shuttle pick-up points. It will not, therefore, penalize the Shuttle useful payload 
capability by carrying a cradle to mount it. This means that the tank must be de- 
ployed directly by the Shuttle RMS. The drop tank has a propellant capacity of 
27,270 Kg contained in a forward LHg tank and an aft LC> 2 tank. This capacity dimin- 
ishes with boil-off as the tank remains in LEO, waiting for MOTV assembly of drop 
tanks to propulsion core. The rate at which usable propellant diminishes with time 
can be seen from the plot of "days parked in LEO" vs "max usable propellant." The 
tank is disposed of by being deorbited by a motor mounted to the LOg tank. It is 
spin-stabilized by jets in the inter-tank skirt. Nutation dampers are also mounted 
there. 
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Fig, 6-3 Drop Tank: STS Launch Configuration 



• MAIN PROPELLANT CAPACITY - 17,5001 

- LH2 TANK VOLUME •> 36.36 m ; 

- L02 TANK VOLUME - 13.62 m : 

• MAXIMUM DIAMETER - 4.27 m 

• OVERALL LENGTH - 9.8 m 

• MAX BOILOFF RATE/TANK = 19.0 kg/I 

• MAIN ENGINE (2) . RLIOC/ 

-- THRUST LEVEL EACH - 66.700 1* 

- ISP (EFFECTIVE) . 458 SEC 

-GIMBAL ANGLE - ±20° 

• RCS PROPELLANT CAPACITY - 2600 kg 

- THRUSTERS (IN 4 MODULES) - HYDRA 

- THRUST LEVEL EACH . 700 N 

- ISP (EFFECTIVE) • 230 SEC 

• MOUNTED INSIDE OR OUTSIDE INTERTANK SKIRT 

- FUEL CELL (3) 

- REACTANTS 

- RADIATOR • 4.53 m 2 

- SOLAR ARRAY (IF REQD) - 12 kWa 

- OTHER SUBSYSTEMS 

- INTERFACE ELECTRONICS 
1776-137W 


- 17,500 kg 

■ 36.36 m 3 

- 13.62 m 3 

- 4.27 m 

■ 9.8 m 

» 19.0 kg/DAY 

• RLIO CAT IIB 

- 66,700 N 

- 458 SEC AT 6.0 MR 
“ ± 20 ° 

- 2600kg 

- HYORAZINE 

- 700 N 

• 230 SEC 



6-4 




At the st&pt of phase 2 atiiHv A r il 

contractors while Grumman concentrated *“ ******* l ° ° ther 

studies, we provided a Design Reference MissionTDEM? 8 ^^ ** ^ pr0pulsion 

Slmwsion which is discussed, as appropriate in oth 83 * ba3ehne - This was the 

more detail, in the Missions Handbook. That h hk T ** ° f tMS rGP ° rt and ’ in 
for that mission which changed very little f °° Sh ° WS thG M0TV configuration 

in this section. Figure 6-4 defines the • ^ * S1 C ° nflguration discussed earlier 

standardized for all mission c ° f - — ^ch has been 

array which is carried only on 1 d 7™'° ***’ ***** the — 

during non-peak-load periods. ^ miSS1 ° ns to change fuel cells 

6.2 CREW CAPSULE 

and looked et reworklng"tte flil ^h t' and tw * 1 " i,h .* he phose 1 “Paule (Fig. 6-2) 
using the following assumptions: »i«i»na. Candidate layouts were drawn 

‘ r~Z"“^er bUa ‘ eraI ” fle0,inB ‘ yPe «“ "low gear 0 

' there wu, be a grappier whieh win no, have a separate control staUon 

a minimum erew of two will be on duty when the work station „ to operation 

• the crew capsule is 3 m diameter with tha « i 

■suet flt ,„,o the SIS cargo bay ^ * “ S ,OT "“ d «*> « 

Five alternates were drawn as shown in Fi™ « B 
two crew on duty are stationed side-by-side to L ♦ Ugh 6 " 9 ‘ In Fi S* 6-5, the 
for grappier operation, and a station for th • * * Pll<>t Station » which doubles 

pulator necessitates a bubble 

Figure 6-6 has a one-man operating station wM „ opera *»>-'s arm movement. 

and grappier functions. The second mT,' T PUot, manipulator, 

activities via TV screens, displays etc He ” " lth “" d "’° nI,ore Ms 

prhae prater. this ^^ 0 “ ihe LtonL” ba ° k - UP ^ the 

allow less restricted entry into the work area Figure ‘ aPere “ *° 

crew, but the manipulator operator has the l es , reverte d to the side-by-side 

This also allows for a tapered front end to ti " Wgh gear” master. 

the capsule for better entry to the work lea* Fi^Ta ,he doslre <° taper 

master martpulator and the grappier onJ.H C °' nbmeS * he pil ° t " hi «" gear” 

Sian is monitoring and back-up for the first "t '"t ° °" e Statl ° n ' AB “ n ’ the ““>"1 

P the first. To taper the capsule even further, the 
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berthing ring is located on a sloping surface, as shown. In an all out attempt to 
make the capsule nose as pointed as possible, Fig. 6" 9 went to a "bomber aeroplane" 
pilot and nose bomb aimer relationship for the two crew. The berthing ring in on the 
side of the cabin. 

These five alternates were traded and ranked by the awarding of points for 
various criteria, as shown in the table in Fig. 6™ 10. Each criterion was considered 
and awarded points from 1 to 5, with the lowest being the most preferred. Figure 
6-7 had the best score and was selected as the baseline work station for further 
studies of the crew capsule. 

As described in the Commonality and Sensitivities section (Section 8) , we traded 
off two alternative internal layouts of the crew capsule. One was based on our phase 
1 capsule (Fig. 6-2) with, a transverse deck, while the other had a longitudinal deck. 
The preferred configuration is that shown in Fig. 6-11 and 6-12. This is a single- 
deck arrangement with a common floor throughout the capsule. Each crew member has 
a compartment with storage for personal belongings. The crew members are depicted 
"off duty," sitting on seats which can be stowed at the compartment ceiling. Curtains 
can be drawn to provide privacy from other crew members . To sleep , the crewman 
lays "fore and aft" with his legs and feet in a box which demands space in the next 
aft compartment. A galley and food storage are provided. There is a combined per- 
sonal hygiene and waste management compartment which occupies the aft end of the 
capsule. Folded doors may be closed for privacy. Volume between the hygiene and 
waste management facilities provides the free volume called for in the 1/30/76 final 
report of the Orbiter Habitability Study, NAS9-14686. Stowage for two EVA suits is 
provided in this compartment , and the volume necessary for donning a suit is available 
in the compartment free volume. An emergency hatch is provided in the "roof." Sub- 
systems are stowed over the length of the capsule, under the floor, and above the 
ceiling. This layout gives a reasonable feeling of spaciousness at eye level from most 
areas of the capsule. 

6.3 ON-ORBIT ASSEMBLY 

Each mission studied to date requires a number of propellant drop tanks to be 
added to the propulsion core in LEO. The question arises as to the sequence in which 
these components of the MOTV propulsion should be launched and mated. There are 
three options available for this sequence: tanks first, core last; core first, tanks 
last; some tanks, core, rest of the tanks. The first two options were traded to 
determine the preferred sequence. The third option was considered but not pursued 


Fig. 6-9 Work Station - "High Gear Matter" Manip, "Offiet Tandem" Crew 



CONFIGURATION ALTERNATE 

CRITERIA 

PIG. 6-6 

FIG. 6-6 

FIG. 6-7 

FIG. 6-8 

FIG. 6*9 

WEIGHT/WETTED AREA/MAJOR INDENTS. 

4 

3 

1.5 

1.5 

5 

PACKAGING EFFICIENCY/LOST VOL 

1.5 

4.5 

1.5 

4.5 

3 

OVERALL LENGTH 

2 

4 

1 

3 

5 

NOSE PENETRATION INTO WORK PIECE 

5 

3.5 

3.5 

2 

1 

CREW WORKING RELATIONSHIP 

1.5 

3.6 

1.5 

3.5 

6 

VISIBILITY SECTORS 

1.6 

3.5 

1.5 

3.5 

5 

DISPLAYS AREA/SIMPLICITY 

1 

3.5 

2 

3.5 

5 

ACCESS CABIN TO FLT STN & STN SWAPPING 

2.5 

2.5 

2.5 

2.5 

B 

CARGO BAY TUNNEL l/F & GRND C/O 

2.5 

2.6 

2.6 

2.5 

5 

BERTHING MANEUVER 

2.0 

2.0 

2.0 

4.0 

5 

1776 138W 

23.6 

29.6 


30.5 

44.0 


Fig. 6 10 Work Station Configuration Option: Ranking (By Forint* Allocation) 


:;«H vrv OF* TUB 
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Fig. 6-11 Three-Man Crew Capsule: DRM (SI) Minion 
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since it seemed to offer no benefit. Figure 6-13 shows the core first, tanks lust 
sequence. First, the capsule /core assembly is launched in the shuttle. The orbiter 
RMS deploys the assembly and leaves it in orbit. The orbiter cargo c.g. allowable 
envelope is reproduced with the capsule /core combined c.g. at launch and deorbit, 
spotted on it. They fall within the envelope. For each drop tunk except the last, 
an STS launch transfers the tank to LEO, rendezvous with the orbiting capsule /core , 
captures it using the RMS, then berths it to a jury rig pad in the orbiter cargo buy. 
The new tank is then transferred to the capsule /core by the Shuttle RMS, und locuted 
for mating. An EVA crew from the orbiter performs the final attachment routine. The 
orbiter then separates, leaving the capsule /core to stabilize the partially assembled 
MOTV in orbit. At the final STS launch, the last diop tank is orbited and the MOTV 
crew rides in the orbiter cabin. The same routine occurs as just described, except 
that the capsule /core is berthed to a pad mounted on a tunnel from the orbiter cabin. 
After attachment and check out of the drop tank, the MOTV crew transfers in shirt- 
sleeves through the tunnel to the MOTV capsule. Final check-out is performed and 
the Shuttle separates. 

The tanks first , core last sequence is similar to that just described but carries 
some penalties as is shown in the comparison in Fig. 6-14, where the two options are 
illustrated with mission mode sketches and the scenario for each launch and mating. 
Considering the weight penalties for each , there is a direct reduction in orbiter pay- 
load capability due to the deploy and rendezvous launches to 200 n mi orbit , and the 
dedicated hardware necessary for a particular event. The selected assembly sequence 
is core /capsule first, tanks last. There is a weight benefit and, in addition, each 
tank is mounted directly to the core at each launch which greatly simplifies on-orbit 
assembly of the MOTV. 

A typical timeline for this assembly sequence and the SI mission is shown in Fig. 
6-15. Assembly of the MOTV is accomplished over the first 52 days. 

One Shuttle vehicle is used for the entire operation. On the last flight, the 
MOTV crew is orbited and transferred to the crew capsule and the vehicle is finally 
assembled, checked out, and readied for the service mission to GEO. All drop tanks 
are deorbited safely to earth after their propellants are expended, leaving no space 
debris from their mission. The Shuttle is kept in a loiter mode for the 19 day duration 
of the MOTV mission, and returns the crew cupsule und core stuge back to earth. 



- 1 STS LAUNCH 

• STEP 1 - DEPLOY FROM CARGO 
BAY 

• EQUIPT - RMS 12) 



ORBIT DROP TANKS 

- 1 STS LAUNCH/TANK 

• STEP 1 - CAPTURE C/C & BERTH TO 

ORBITER 

2 - TRANSFER NEW TANK TO 

C/C 

3 - ATTACH VI A EVA CREW 
4 -DEPLOY 

• EQUIPT -STD AIRLOCK: EVA 

SUITS: RMS (2): JURY 
RIG BERTH 



CREW 


- 1 STS LAUNCH 

• STEP 1 -CAPTURE C/C/TANKS ASSY 

ft BERTH TO ORBITER 
TUNNEL 

2 - TRANSFER N2W TANK TO 

C/C 

3 - ATTACH VIA EVA CREW 

4 - mu IV CREW TRANSFER 

• EQUIPT -STD AIRLOCK: TUNNEL: 

EVA SUITS: RMS (2) 


1776-141W 

Fig. 6-13 Mission SI: MOTV Launch & Assembly Sequence - Capsule/Core First 


o' ' ‘‘ 


of TUto 
- t»oou 
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19 DAYS 


• MOTV CAPSULE/CORE LAUNCHED FIRST 

• 3D. TANKS THEN LAUNCHED SEQUEN DALLY 

• CREW LAUNCHED TO LEO WITH 3 RD D. TANK 
THEN TRANSFER TO CAPSULE 



• 4 SATELLITES 90 DEG APART IN GEO 

• SERVICED BY CHANGE OUT OF MMS MODULES 

• OLO MODULES NOT RETURNED TO EARTH 

1776-143W ■_ 

Fig. 6-15 SI: Typical Overall Timeline - Shuttle Assembled in Leo 
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6.4 WEIGHT CONTINGENCIES AND PERFORMANCE 

Weight breakdowns for the capsule and for the assembled MOTV are given in the 
Mission Handbook. Contingencies of m were used for the crew capsule and 
equipments , 15% for propulsion. Performance data in the form of weight and av 
budget for the mission phases is also contained in the Handbook. 

Costs are presented in the Mission Handbook, in the program plan, and in the 
Final Presentation of the study. 

The preceding concept definition discussions dealt mainly with SI. the DRM it 
is. in general, equally applicable to the other generic missions. The crew capsule is 
changed in layout for some of the other missions, as described in the Commonality and 
ensitmty section (Section 8) under "Impact of Varying Crew Complement." The 
MOTV overall configuration wfil vary in as much as the number of drop tanks differs 
with mission: some missions carry a solar array while others do not; passenger mis- 
sions do not carry manipulators or grappler and replace the capsule berthing ring 
with a docking ring, equipment externally mounted on the crew capsule varies with 
mission. The Mission Handbook shows the MOTV configuration for each generic mis- 
sion, together with weights and performance data. 

Groundrules governing performance were: 

• Propulsion Module 

li Stage APOTV with two RLXO type engines 

- Drop tanks deorbited and STS compatible 

Flight performance reserves = 2% total aV 

- X' Core stage, 17,500 Kg Prop. = 0.826 

- X" Drop tank 27,270 Kg Prop. =0.941 

- Propellant boil-off 19 Kg/Day/LOX HYD Tank 

• Mission Operations 

STD STS launch to 200 x 200 n mi, 28.5° Orbit 

- STS loiter mode recovery 

STS turnaround = 14 days typical 

a Payload (crew capsule, on-orblt mission hardware hdwr, mission equipment) is 
mission-dependent . 
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6.5 SUBSYSTEMS 


systems whTch H StU<iy ' We PPi '” arUy “"«™ed with analysis of those sub- 
PossibU solar array” ZZ'ZnTZ^TZZ" ^ ^ 

~ srjrrr ” q r ents ' :: = ~- 

c.g. and access Bel a ,Th SUbSyS ‘ emS th " >< ‘* h0 “ t “ TV «» * 

6.5.1 EPS 

— rr £ rr ;nr energy - - ■ — . 

- •— - - 1 -^r=L- :idCri: * 

-r -o“ii;irr motv ““ - — *» 

« equipment which will vary as a function of crew size, and 
2) equipment which is common for most missions. 

and used oniy in cluH ^ eleC,riCal SyS ‘ em 

in the EPS. together with the options, are: lMUeS ° f “ n0ern 

• Power Source 
- Fuel cells 


- Fuel cells + solar array + regenerative system 

• Location of Power Supply 

- Crew capsule 
Separate module 

- Propulsion core 

• Peaking Batteries 
~ AgZn 

- NiCd. 
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Fifl. 6-17 Mission Energy Requirements 






EQUIPMENT REQUIREMENTS RELATED TO CREW S!ZE 


CABIN 2-3 MEN 


ECLS 655 

WASTE MGMT/HYG 1114 

GALLEY 1500 

RECREATION 30 

ILLUMINATION 135 

COMMON EQUIPMENT: 

CABIN 

OPTICAL SIGHT 8 

CONT & DISP 287 

AUDIO CENTER 10 

TV (S BAND) 100 

CC TV (ELEC) 20 

INSTRUMENTATION 40 

DATA MGMT INTERF 20 

S8iC CONTROL 36 

MANIPULATOR 35 

EPS CONT 20 

EXTERNAL 

DEXTEROUS ARMS 400 

GRAPPLER ARMS 150 

TOOLS 250 

CCTV 500 

ILLUMINATION 500 

1776*146 VM 


6 MEN 

10 MEN 

30 MEN 

850 

1000 

2455 

1114 

1114 

2228 

1500 

1500 

1500 

30 

60 

100 

200 

275 

675 


PROPULSION MODULE: 


DATA MGMT 

466 

G&N: INTERNAL 

120 

LASER 

35 

COMM: S BAND 

323 

VHF 

36 

INSTRUMENTATION 

161 

ENGINE 

192 

THRUSTERS 

112 

ELEC POWER 

86 

RESERVE 

100 

ELECTROLYZER 

7000 

POWER COND 

400 


(LOSSES) 


Fig. 6-18 EPS Connected Loads 
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the p°w6r source, a weight trade-off is shown in the following figure (Fig. 6-19), 
w c s ows that the source should very from mission to mission. Its location was 
assumed to be in the propulsion unit; this benefits eg. and external access and is 
suitable for unmanned missions. The type of batteries to be used for peaking loads 

~: d ,r * AgZ " *“““ 0f ,heir - — t cycle requirement . 

Bu 6 19 illustrates the elements which affect solar array sizing. The largest 

single requirement is the electrolyzer system, which requires 5.5 Kwhr per Kg of 0 

generated. The redundancy. 30%, allows continued use in the event of loss of some* 
solar cell strings. 

Variation in weight with energy requirement is shown in Fig. 6-20 for an all fuel 
ceu system and a system which has fuel cells recharged by solar arrays. Energy 

^ ° f tlW gCneri ° m ‘ 5StonS 18 sh °""' ™ - system weigh, is 
e amount of reactant loaded to meet mission requirements. The solar 
array recharge system is sized for maximum discharge/recharge cycle requirements. 

*7 ln energy reqmremen<3 “ a ,un °tion of duration affects the number of cycles 
with the array size remaining constant. For mission requirements below 800 Kwhr the 
all fuel ceB system is lighter bu, above this level the solar array recharge system 
presents an advantage. Subsequent work, in phase 2 of the study, revised the boil- 
oilflgures for many missions and the revised plot is shown in our final presenta- 

A block diagram displaying the two systems (the all fuel ceU system and the 

"vT 8ySten,) iS Sh ° Wn in Fig ' Fuel ““ — batteries, 

winch are for high power short duration pulses, are common to both systems. The all 

e ce system utilizes cryogenic reactant tanks and, in addition to its electrical out- 
put. provides potable water for the MOTV. The solar array recharge system stores 
water and electrolyzes i, during the recharge cycle with power from the solar array 
Hydrogen and oxygen are formed and stored in gaseous tanks for further recycling 

wi,h r«,:;i summari2es the redundancy - — — «o cope 

The design concept is to continue with the planned mission in the event of a 

single failure, and a safe return in the event of a second failure in the same EPS 
section. 
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kW 

OUTPUT 


CELL REDUNDANCY 
30% 


} POWER COND LOSSES 0.6 kW 


6.7 kW 

RECHARGE REQ 


2.1 kW 

NOMINAL AVERAGE 

EQUIP. LOAD DURING RECHARGE 


-| M HR |<_ 
GEO 

RECHARGE 


POWER 
COND 
LOSS 
l 2.0 kW 
RECHARGE 

1.5 AVG 
MISS. REQ 


1776-147W 


54 
MIN 
LEO 

RECHARGE 


Fifc 6»19 Solar Array Requirement! 
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SOLAR 


ARRAY 


m 1 j 

T 

VEHICLE 


f solar"! 

j^ARRAVj 

” •REACTANT TANKS ARE CYRO. ON BASE 

CON F MOO PSI STEEL ON SOLAR ARRAY CONE 


BASE CONFIG. 

— - ADD. FOR SOLAR 

ARRAY/RECHARGE CONF. 



1 766-149W 


Fig. 6-21 EPS Block Diagram 



FAILURE 

STATUS 

FUEL CELL SYSTEM (ONLY) 

FUEL CELLS/SOLAR ARRAY/ 
RECHARGE SYSTEM 

BUS/DISTRIBUTION 

CENTER 

1ST 

2ND 

F.O. - ISOLATI 
F.S. - ISOLATE 

BY PASS & CONTINUE 
. BY PASS& RETURN 

FUEL CELLS (3) 


F.O. - 2 SUFF 1 
F.S. - 1 SUFF 

1" 

-OR MISSION 

FOR POWERED DOWN RETURN 

FUEL CELLS REACTANT 
TANK 13 SETS) 

H Hr 

F.O. - 2 SUFF FOR MISSION 
F.S. - 1 SUFF FOR RETURN 
(4 DAYS RESERVE! 

F.O. - 2 SUFF FOR TRANSFER/WORK 
F.S. - 1 SUFF FOR RETURN, ALSO 
ARRAY MAY BE USED AS 
BACKUP. 

SOLAR ARRAY 
(2 SECTIONS) 

1ST 

2ND 


F.O. - PROCEDURAL CHANGE 

- SHORTER WORK/RECHARGE 
CYCLES OR USE ARRAY 
DURING WORK PERIOD 
F.S. - RETURNON F.C. 

RECHARGE SYSTEM 
(ELECTROLYZERS (2)) 
1766-150W 

1ST 

2ND 


F.O. - 1 SUFFICIENT FOR RECHARGE 
F.S. - RETURN ON F.C. AND/OR 
ARRAY 


Fig. 6-22 EPS Redundancy Design Level 
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6.5.2 KCJLS 

6 23 “ d0Si8n requ,remen,s uaed to a‘*° the ECLS system are shewn In Fig 

iea^;r~ r ‘ ,pimi for * ecm **-. ««*« *»«. . 

rirzrr- -r-* a ” ited 

that of the Shuttle, he., fall-safe with asTll!!! . “ S,m “ ar ,0 

etosslfled as "short duration" and "long duration T?™ ^ ^ 

£~: 

Three combinations of systems were considered for oxygen and wat^r « i 
t ”2e h0rt TT B ’ Wh6re ' he Primary “ pow ®r to supplied by fue.It' 
breathing ”Z Z “iT T 

0^:::,:;^“ r r 

between a system that reUs IST ” 

:r;~:r n ; r * sys,em ,hat ^ *—• — — 

except drinking, and uses electrolysis for O generation nr th 
two systems, the "recycle waste water to potable/carry O » sv!,L h • 

tage but requires a water sterilisation and quality monitolg syTtem T ‘ T adVa "' 

rZer^’ext^ed^rtodlT 810 ^ PSyCh0l0elC acoe P'“nce of drinking reclaimed "* 

we have tentatively selected * denl0ns ' r «to d - Therefore, 

the study. A single fluid P 0 « a ble /generate 0 2 " system for this phase of 

damage potential. Piesent small 

the classic LIOH expendlbte s'^ta ^^leral C ° 2 SyStera <soad “toe) with 

r“r— 

pai ticular missxon has solar arrays to recharge the fuel cells, then water is 
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GENERAL; 


• PROVIDE SHIRTSLEEVE ENVIRONMENT FOR 2 TO 30 MEN 

• MISSION DURATIONS UP TO 30 DAYS 
CA BIN CONDITIONS 

• TEMPERATURE: NORMAL 

EMERGENCY 

• HUMIDITY: DEWPOINT 

• PRESSURE (0 2 /Np) 

• COp pp 

• CABIN LEAKAGE 
CREW: 

• AVG METABOLIC RATE 

• CO 2 PRODUCED 

• CONDENSATE 

• 0 2 REQUIREO 

• POT ABLE WATER REQD 

• URINE PRODUCED 

RFOUNDANCY PHILOSOPHY 


10 C 24 C 
10 C 32 C 
10 C HJ C 
OS 0.0 liar 
3.0 mm Hg. 
1 kg/DAV 


04 70 I 
GO 00 F 
SO GO P 
7.G-8.0 ptia 

2.2 LB/DAY 


1 1,200 BTU/MAN DAY 
0.96 kg/MAN DAY 
1.S8 kg/MAN DAY 
0.83 kg/MAN DAY 
2.35 kg/MAN DAY 
2.06 kg/MAN DAY 


FAIL SAFE WITH 96 HR SURVIVAL PROVISIONS 
661 S 1 W ITI0NAL REDUNDANCY FOR LESS RELIABLE COMPONENTS (E. G.. PUMPS. r-ANS, REGULATORS) 

F'B- 6-23 ECLS Requirements 


ISSUES 


C0 2 REMOVAL & HUMIDITY 
CONTROL 


POTABLE WATER 
& 

ATMOSPHERE SUPPLY 


• MEAT TRANSPORT LOOPS 

OTHER SUBSYSTEM FEATURES 

• N 2 STORAGE 

• AVIONICS COOLING 

• CABIN COOLING 


• HEAT SINK 
1 766-1 52W 


f ~ REGENERABLE SOLID AMINE 

VS 1 TRADE 

EXPENDABLE LIOH & COND HX 


- 

SHORT 

MISSIONS 

LONG 

MISSION 

- POT. WATER FROM FUEL CELL/CARRY 0 2 

V 


- CARRY POT. WATER/RECLAIM 0 2 FROM WASTE 


V 

- RECYCLE WASTE TOPOT./CARRY GASEOUS 0 2 

— 



- DUAL FLUID - WATER IN CABIN LOOP/F 21 IN RADIATOR LOOP 

- SINGLE FLUID F-21 , 

V 

- HIGH PRESSURE GAS 

- AIR/LIQUID HX (REDUNDANT FANS& FLUID LOOPS) 

- AIR/LIQUID HX (REDUNDANT FANS & FLUID LOOPS) 

- MEAT PIPE RADIATOR - REDUNDANT FLUID LOOPS 


Fid. 6-24 iCLS Subsystem Issues ft Baseline Definition 
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Fifl.6-25 C0 2 Removal Systems Trade: Regenerate vs Expendable 
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- • - — - 

- - - - — - ~r:r: u tzr -"—- 

schcm " ,,ra of ,hc - c ° 2 «—- »y»- 


Short Missions 

• Expendable LlOH system for 
CO g removal 

• Store all water 

• Store all oxygen 


j*>Hg Missions 

• Regenerate solid amine for CO 

removal. 3 

• Reclaim waste water for all uses 
except drinking 

• Store potable water 

• Electrolysis of reclaimed waste 

6 * 5 • 3 Thermal Protection "*"* ^ ° 2 gC " ePation 

- j:t ::,t; ,h " e ™ - ■ ~ _ 

With the Wet and outlet temperatures. Assump^ s “« **" **' *’**' '° Be,h<!r 

• One variable conductance heat pipe radiator 
Radiator capacity loss per meteorite strike = II)'; 

• Freezing temp below -130°C (-202°F) 

. Strip heaters for thaw™,, thaw™, time no, to exceed one hour. 

Radiacor sizes for these loads are 8 i m 2 p * u 
capsule. A m g rowth ^nclLed "~ n 

For the fuel cell radiator which is attach ed ,» ,h„ 
assumed are given in Fig. 6-29. Assumptions were: " P hca ' k,ads 

• One pumped loop radiator for each (of three) fuel cells 

• Double redundant fluid circuit a • pnHint 

= 20 $ toP C " P " 0 “> »■* meteorite strike 

• Radiators to accept FC-40 direct from f.-el colls 

' Strip heaters for thaw-out: thaw-ou, time no, exceed one hour. 
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MOIATPIj 



Fig. 6*27 ECLS Regtnarabla System for Long-Duration Minions 








fit. 6-29 Fual Cdl Radiator Rartuiramanti/Sizing 
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Radiator sizes for these loads are 4.4 m 2 for the three-man and 5.1 m 2 for the 10-man 
mission. 

6.5.4 Avionics 

This subsystem is located throughout the MOTV. The following placements were 
assumed for the best functional locations, maintainability and reliability, on-orbit re- 
pair, and unmanned flight: 

® Display and control: 100% crew capsule 

• Data management: 30% capsule; 60% core; 10% drop tank 

• Navigation and guidance: 30% capsule; 70% core 

• Tracking, telemetry, and command: 15% capsule; 85% core 

• Rendezvous radar: 100% capsule. 

The display and control subsystem block diagram is shown in Fig. 6-30. Circuit 
breaker panels control DC and AC power. Caution and Warning display will identify 
malfunctions. Closed-circuit TV (CCTV) display is provided for IVA and the manipu- 
lator controls. Computer CRT display is used with a keyboard for calling up data 
stored in the CPU. A Data Distribution Center routes the various electrical signals 
throughout the MOTV. Color TV is available from a hand-held camera for EVA display 
in the cabin, and for transmission to the ground along with CCTV pictures. A RR 
display shows the range and bearing data from targets during rendezvous operation. 

Data management, Fig. 6-31, accepts status inputs from the various subsystems 
signal conditions and converts them from analog to digital read-outs. These inputs are 
electronically sampled and converted to a data stream by the PCM electronics. This 
data stream is sent, via the data distribution center, to the ground. Bio-Med and 
ECLS inputs are also displayed and transmitted to the ground. A tape recorder is 
provided to work in conjunction with the data distribution center for recording data 
and voice, and to playback to the ground as required. 

Figure 6-32, navigation and guidance, shows the IMU providing attitude informa- 
tion to the CPU via the DIU. Star Scanners are used to provide star-angle measure- 
ments for alignment of the IMU. A Horizon Sensor is used to provide redundant atti- 
tude information to the CPU. Crew navigation displays and controls are used for 
automatic and manual control capability for all mission phases. Guidance commands, 

that drive control loops, are generated to actuate valves in the main propulsion sys- 
tem and the RCS. 
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Tracking , telemetry, and command, Fig. 6-33, provides voice communication 
among crew stations and to outside manned activities. There is an uplink and down- 
link S-Band transmission between the MOTV and the ground via the steerable antenna. 
Voice, Spacecraft Status, Crew Health, Color TV, CCTV, and Received Command Data 
are carried on the S~Band. A turnaround ranging signal is provided for tracking by 
ground stations using the S-Band Link Carriers. Also, two X-Band Carriers are 
used with a steerable antenna to carry the same kind of intelligence as the S-band 
Carriers, but at wider bandwidths and higher data rates. KU band would have been 
desirable for communication since it is common with the Shuttle, provides wider band 
widths and higher data rates and it could be used with TDRSS. However, TDRSS 
is operable to only 3000 n mi altitude, whereas X-Band can be used to geosynchro- 
nous orbit with ground spacecraft tracking and data network. It was decided, there- 
fore, to use X-Band to back-up the S-Band downlink. 

^or Rendezvous radar, Fig. 6-34 block diagram shows the KU-Band transmitter 
and receiver working in conjunction with a steerable antenna. Inputs are received 
from Navigation and Guidance to steer the antenna. Range and bearing data are sent 
to the CPU via the DIU, and to the crew display. Laser beam was considered for this 
function since it requires less average power than the KU-Band, it is smaller, and it 
weighs less. KU-Band, however, carries lower risk, is compatible with STS, is less 
costly , requires less pointing accuracy , has better echo return probability , and is 
more reliable for autotracking and lock-on function. 
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7 - MISSION SUPPORT AND TURNAROUND 


This subject is reported fully in the ”MOTV Turnaround Analysis Study" docu- 
ment . issued with this report, it summarizes work performed, and already reported 
on, tor Ground and Shuttle-Tended Turnaround of the MOTV, and it reports on recent 
studies carried out for SOC turnaround. 

In summary, the turnaround /maintenance analysis indicates the following: 

• The recommended turnaround scenario starts out with ground turnaround 
because it utilizes in-place facilities, has the flexibility to deal with contingen- 
cies which will occur during the operational shakedown period, and provides 

a benign environment in which to gain experience, work out procedures, and 
refine support equipment requirements 

• SOC turnaround at 200 n mi provides a viable alternate because it decouples 
the turnaround operations from the STS support flights and saves approxi- 
mately $11M per mission. SOC turnaround, however, requires a significant 
investment in facilities, support equipment, and MOTV maintainability fea- 
tures, approximately $330M, Payback takes about 15 years, assuming an 
MOTV flight rate of six/year. The SOC option should be retained until the 
appropriate program milestone, when the following can be resolved 

- SOC operational attitude of around 200 n mi rather than the current assump- 
tion of 265 n mi 

- definitive costs of facility, MOTV design, and support equipment costs 

- portion of the initial investment for facilities which are chargeable to insti- 
tutional improvements or other programs. 

If the decision at the appropriate program milestone is to proceed with SOC, then the 
ground turnaround period of two to three years would be followed by an STS-tended 
LEO turnaround which would be used to qualify and refine the SOC equipment, pro 
cedures, and personnel. The final phase would utilize SOC on a progressive basis 
until the required operational capability was reached. 
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8 - COMMONALITY & SENSITIVITIES 


8.1 TRADE ANALYSES 


In considering commonality and the resultant 
trades were performed in these areas: 


sensitivities , analyses in the form of 


• Number of decks for the Design Reference Mission crew capsule 

• Number of capsules to capture all generic missions 

• Impact of varying crew complement 

• Introduction of emergency "direct return" to earth 

• ECLS: Expendable vs regenerative system 

• EPS: All fuel cells vs fuel cells + solar array recharge 

• Upgraded engine performance 


• General sensitivities 

8.2 DESIGN REFERENCE MISSION CAPSULE: ONE vs TWO DECKS 

crew tt £^“77 MSSi0n <DRM) Cap8Ule nUst accommod * t e three 

cre " '" IT' h the CaPSUU! ‘° m,nta ’“ e Wei * h * ™ d «*• ** 

crew wen being and growth potential, ia a sensitivity issue. We laid out a capsule which 

two IIT l0ne “' ldi,u,1 d<K * ond 0 oa » s “ Ie "Mch has a transverse deck to provide 
two distinct areas. Figure 8-1 shows the free volume/person curve on which having 

voh^were based. 1, is Fraser, ..Tolerance curve.- which we were directed to use 


7eZ: g h ;“:‘ 

rrzr.fTrg^.rcr^nr.. Tws — - • 
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The transverse (look layout is shown in Fig. 8 3. It has a living volume and a 
working volume separated by subsystems stowage, thus providing two decks. The 
floor orientation for each deck is different. living facilities are similar to those for 
the single deck. Waste management cannot be accommodated on the ''living" deck and 
is therefore located in thb working deck volume. This has some benefit in that an "on 
duty" erew member has immediate access to the waste management . This layout has 
less feeling of spaciousness than the longitudinal deck concept but is shorter in length. 
Durnout weight is 4327 Kg. 

Comparison of the two layouts, together with the criteria used, is shown in Fig. 

8.4. When considering only the objective criteria, the two deck version comes out bet- 
ter, but its superiority is only marginal and is, it is felt, outweighed by the subjective 
criteria and by the growth potential of the single deck. Because of this potential and 
the better viewing, access, and general spaciousness found in the single deck, the 
latter is the preferred configuration and is the capsule for the DRM. 

8.3 CAPSULES TO CAPTURE ALL GENERIC MISSIONS 

Based on the volumes information contained in the preceding paragraphs , Fig. 8-5 
shows the total cabin volume required for each generic mission. The three-man DRM 
capsule encloses 24 m^, which captures all of the generic missions except for P4 and S2. 

P4 is sized for six people but since it uses a storm shelter to house some of these 
crew, the basic crew capsule for this mission is still the 24 m baseline capsule. 

S2 mission is for three people for 27 days. It is the free volume required for this 
long duration, which pushes the total volume requirement to just over 26 m . Reducing 

3 

this volume to 24 m , thus using the baseline capsuld, would have little effect on crew 
comfort because that capsule is sized for three people, 19 days, and it is a subjective 
judgement as to when the free volume /man curve should flatten out. 

Q 

Six of the missions can be accommodated in a 17 m total volume capsule. This 
capsule was laid out and, as shown in Fig. 8-6, it has a combined flight /mission station 
with room for the second man to be in tandem for backup and mission monitoring. Aft 
of this work station, on the "starboard" side of the vehicle, arc subsystems, EVA suits, 
and the galley. The "port” side of the capsule has two crew quarters and hygiene and 
waste management. Volumes for these latter facilities follows the three-man baseline 
crew capsule. At burn-out, this capsule weighs 3281 Kg. Costs were $426M DDT&E 
plus $96M for two production cupsulcs and their derivation is shown in Fig. 8-7. To 
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Fi®. 8*3 Three-Man Crew Capsule: Transverse Deek 
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determine whether it pays u» develop such n capsule, in addition to the lhree miin base’ 
line crew capsule design, a payback analysis was prepared to find the traffic rate nec- 
essary to payback the additional investment. Shown in l r ig. 8 8 are the results of an 
analysis which assumes that the 17 w“ capsule is a completely new development with no 
benefit from the three aian capsule development , and a more probable case which as 
sumes that both capsules are developed concurrently. The results show that a traffic 
rate of at least four flights of short duration, two-man capsule missions are necessary 
each year to amortize the parallel program investment in 10 years. At this stages it 
was deeided to discontinue study of the smaller 17 m capsule because of the payback 
analysis and because of the seeming impracticability of growth. 

8.4 IMPACT OF VARYING CREW COMPLEMENT 

Although none of the generic missions presently calls for a crew of four, we in- 
vestigated how to put a fourth man into the OHM three-man capsule, as a sensitivity 
issue. As minimum modification to the DRM capsule, an additional crew quarter was 
located as shown in Fig. 8-9. This fourth erew quarter is similar to the other three 
except that the sleeping position is vertical and contained within the quurters. The 
additional quarter is a bottleneck in the fore and aft traffic flow , but there is sufficient 
room for people to get by. Compared to the DRM, three-Crew Capsule, this four-man 
capsule carries a weight penalty of 531 Kg for additional ECI.S, crew accommodations, 
crew and crew consumables. 

The P2 and the P4 missions call for crews of six and eight, respectively. In the 
interests of commonality, we investigated using the DRM three-crew capsule for these 
missions. P4 is for crew rotation of six men and resupply of a manned facility located 
in deep space. This requires a one-way trip approaching 15 days. It is assumed that, 
by the mission date, there will be a reliable long-range prediction capability for fore- 
casting solar events. Referring to Fig. 8-10, the assumption that this mission can be 
then scheduled for a pe.-iod of low radiation, the capsule will be the design reference 
mission capsule, modified to accommodate four people as described in the preceding 
paragraph and shown in Fig. 8-9. The remaining two crew will be accommodated in 
a storm shelter which , because of the long-duration trip , should be provided in the 
event of an unpredicted solar flare. The shelter is sized to accommodate six men in 
cramped quarters , riding out the storm . When not in use as the shelter , it provides 
two crew quarters for the men not accommodated in the main capsule. The shelter is 
mated to the capsule in LEO during MOTV assembly and attaches to the capsule emer- 
gency exit provided for normal use. An emergency exit is provided in the shelter. 
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One option has a MOTV with "minimum development" crew accommodation and 
mission operation equipment. The three-person crew is housed in an Apollo CM, the 
capoule in which the crew can return directly to earth in the event of an emergency. 
The on-orbit mission tasks are performed by a crewman operating a free-flying Manned 
Remote Work Station Module (MRWS), which is a vehicle under consideration for future 
study in Grumman's MRWS Study contract. This module is docked to the Apollo CM 
for shirtsleeve transfer of the operator. The vehicle may be flown as an APOTV , with 
the CM for emergency return, or it may be flown as an AMRV with the propulsion and 
MRWS expended on each mission. The cost per mission for this minimum development 
"direct return" capability is $40.05 M plus DDT&E costs amortization, and it carries a 
weight penalty of 4000 Kg for the two crew capsules compared to the DRM capsule. 

Considering the DRM, which has three crew for 19 days, the Apollo CM is not only 
restrictive for a mission of that duration but it also does not cater for a mixed gender 
crew because it provides no privacy and has personal facilities which are relatively 
primitive. As an alternative to that "minimum development," Fig. 8-12 shows a configu- 
ration which utilizes a small capsule to house two of the crew in privacy. The capsule 
also provides the mission station with manipulator and stabilizer controls , personal hy- 
giene and waste management with privacy curtains, food preparation, and subsystems. 

A second module serves as quarters for the third crewman, probably the commander, 
and also has the MOTV flight control subsystem. This module is the emergency escape 
vehicle and can accommodate all three crew for emergency return. It has Apollo CM 
shape and capabilties and, although presently 'onceived as being a little smaller than 
the CM, it could in fact be a CM shell. The vehicle may be flown as APOTV or AMRV. 
The cost per mission for this "direct return" capability is $35.4 M plus DDT&E costs 
amortization , but it incurs a weight penalty for the two capsules of 3600 K g compared 
to the DRM capsule. 

8.6 ECLS: EXPENDABLE vs REGENERATIVE SYSTEM 

In the concept a definition section (Section 6), we show that, as a function of in- 
stalled weight, the number of generic missions favoring a regenerable (solid amine) sys- 
tem is about the 3ame as the missions fearing an expendable (lithium-hydroxide) sys- 
tem. The simplified schematics, illustrated in Fig. 8-13, show the expendable system 
and that part of the system which will be replaced when converting to a regenerable 
system. Development costs amount to $ 2.9 M with the average unit cost being $ 0.25 M. 
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8.9 GENERAL SENSITIVITIES 

Some general sensitivity figures the, have been used in this study are- 
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Cost for adding each crew member is $1.5 m 

Increasing the round trip payload costs $0.01 M per kilogram 
increase in mission duration costs $0.75 M per day. 
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9 COSTS 


9.1 GROUNDRIJLES AND ASSUMPTIONS 

Costa figu-cs ore provided in the Mission Handbook, tho Program l>lo„ 

zl rrsr-- %uros ' thc ~ 

• General 

- Costs data are in 1979 constant dollars 

- Mission rate is four missions /year for 10 years 

- All turnaround is on the ground 

Crew salaries and space suits are excluded 

• DDT&E 

- Three STS flights are used to develop mission capabilities in LEO 

- One set of equipment is included in Ground Support equipment costs 

- Non-repkcated weights are used for computing costs 

- Tools are Government Furnished Equipment 

- One set of equipment is included in Flight Support Equipment costs 

- Manipulators are off-the-si elf 

• Operations 

' 6»7n“ “ U bMed " * hC - - 

9.2 METHODOLOGY 

es-im 9-1 ’ ° reSen,S ‘ hC °° S, ‘ ne raethodolo 8y » f 'hose WBS items which were 
estimated as a percent of certain WBS cos. aggregations (noted in pa re nthcses) The 

- s ems est and evaluation category represents primarily testing labor The SEal 

category is considered non-recurring while the IArn „ * . 

curring cost . C ° C “ l ° BOry ,s considered as re- 

11 2 ~ US ° a ,1,r0Ug,,0Ut th ° StUdy f ° r 0031 — W - illustrated in Fig 

9-2 with supporting WBS example shown in Fig 9 -a »„n a a u- , , g ' 

5. F cures 9-5 „„d a r . g and 9_4 ' “ h,ch elaborates on level 

-urea and 9-6 show costs comparisons between the LM Ascent Stage and the 
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MOTV crew capsule for comparable sections of the vehicles. These two figures illustrate 
the viability of our MOTV costs by comparing them with an operational vehicle. 

The weight-cost relationship for the MOTV Propulsion Module is presented in the 
bar graphs in Fig. 9-7. It shows clearly that weight is not always a driver of DDT&E 
cost. Avionics subsystem hardware, for instance, is relatively lightweight, but highly 
complex. Although its weight is a mere 5.6% of the total weight, its cost is over 25% of 
the total DDT&E cost. Our Cost Estimating Relationships (CER's) account for these 
sensitivities in the various subsystems. 

The curve on the extreme right of Fig. 9-7 shows the basis for the MOTV struc- 
tural CER. 

Various crew capsules DDT&E costs plotted against capsule weight are presented 
in Fig. 9-8. When differences in subsystem requirements are adjusted for (e.g. , entry 
and landing systems for the Mercury, Gemini, and Apollo crew capsules), the data still 
show considerable scatter. These costs variations are thought to be primarily due to 
differences in number of test articles, mission peculiar subsystem requirements, and 
subsystem reliability /redundancy /complexity for man-rating. Nevertheless, the MOTV 
costs estimates seem to be in the right ballpark compared to these other programs. 

Costs for propellant tanks and the propulsion module are plotted in Figs. 9-9 
through 9-11 as a function of usable propellant. 

Following our costs studies, these observations can be made: 

• Historical program costs show considerable scatter when plotted against vehicle 
weight; cost variations are primarily due to 

- differences in number of test articles 

- mission peculiar subsystem requirements 

- subsystem reliability/redundancy/complexity for man-rating 

• Projected MOTV cost uncertainty are due to 

- standard error of estimate for CER's 

- errors in system definition 

• Adjusted LM costs correlate well with projected MOTV crew capsule production 
costs and are within 15% of LM Ascent Stage, adjusted for differences in the 
number of test articles and mission peculiar subsystem requirements. 
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